Abstract. In this study we evaluated for a realistic head model the 3D temperature rise induced by a mobile phone. This was done numerically with the consecutive use of an FDTD model to predict the absorbed electromagnetic power distribution, and a thermal model describing bioheat transfer both by conduction and by blood flow. We calculated a maximum rise in brain temperature of 0.11 • C for an antenna with an average emitted power of 0.25 W, the maximum value in common mobile phones, and indefinite exposure. Maximum temperature rise is at the skin. The power distributions were characterized by a maximum averaged SAR over an arbitrarily shaped 10 g volume of approximately 1.6 W kg −1 . Although these power distributions are not in compliance with all proposed safety standards, temperature rises are far too small to have lasting effects. We verified our simulations by measuring the skin temperature rise experimentally. Our simulation method can be instrumental in further development of safety standards.
Introduction
Mobile phones have come into widespread use. The possible adverse health effects of such phones are causing concern. While safety standards for radiofrequency EM radiation above 10 MHz are based on the thermal effects (IEEE Standards Board 1992 , National Radiological Protection Board (NRPB) 1993 , CENELEC CLC/SC211B 1995 , the actual standards are formulated for specific absorption rate (SAR), with exposure limits for body parts derived from total body limits. Motivated by the specific safety concerns over mobile phones, the SAR has been calculated or measured in head models in several studies (Okoniewski and Stuchly 1996 , Hombach et al 1996 , Gandhi et al 1996 , Tinniswood et al 1998 . However, up to now these SAR data have scarcely been adequately related to a resulting rise in temperature (Lu et al 1996) . This gap can be bridged by the consecutive use of adequate SAR and thermal models.
Based on RF exposure experiments with volunteers (Kido et al 1987 , Shellock et al 1989 and animals and a maximum tolerable temperature rise of 1
• C in body core temperature, international institutions have assumed an average whole body SAR of 4 W kg −1 as the maximum safe level (IEEE Standards Board 1992 , National Radiological Protection Board (NRPB) 1993 . After application of safety factors for controlled and uncontrolled environments, the explicit guidelines for the maximum allowed exposure are 0.4 W kg −1 and 0.08 W kg −1 respectively. If only part of the body is exposed, the peak SAR limit applies.
The European Standard ENV 50166-2 sets this peak limit for uncontrolled environments at 2 W kg −1 averaged over a volume of 10 g and a period of 6 min (CENELEC CLC/SC211B 1995). This higher SAR can be allowed because heat transfer in the body limits the temperature rise. However, the exact choices for peak SAR limit and averaging volume lack a solid basis in thermal modelling.
In thermal modelling of tissue the correct description of heat transfer related to blood flow is extremely important (Lagendijk 1987) . Relatively cold blood entering a heated volume will cool the tissue. One way of modelling this effect is by using the Pennes bioheat transfer equation (Pennes 1948) :
where ρ tis , c tis and k tis are the tissue density, specific heat and thermal conductivity, c b is the specific heat of blood, W b the blood perfusion (kg m −3 s −1 ), T art the temperature of the arterial blood entering the volume and P the power density. The assumption underlying this equation is that all blood-tissue heat exchange takes place in the smallest vessels of the circulation. In reality, exchange does take place in the larger vessels, causing both cold tracts and an apparent increase in tissue thermal conductivity Holmes 1980, Crezee and Lagendijk 1990) . Individual modelling of blood vessels is needed to account for this.
For use in hyperthermia treatment planning, we developed the DIVA (DIscrete VAsculature) thermal model that describes the effects of individual vessels (Kotte et al 1996 (Kotte et al , 1999 . In this model the vasculature is described in a separate data structure additional to the rectangular tissue grid. The geometry of the vessels is described by smooth curves with an associated diameter. Even vessels with diameters smaller than the tissue voxel size can be accurately modelled (Van Leeuwen et al 1997a, b) . This makes it feasible in practical situations to model the majority of the thermally significant vessels individually. The premise is that a detailed description of the vasculature is available. Further detail can be added to the actual reconstructed vasculature using automated generation of vessels (Van Leeuwen et al 1998) . This will result in a better description of the 3D temperature distribution (Baish 1994) . The efficacy of the combination of the DIVA thermal model and the vessel network expansion method has been validated in experiments on isolated bovine tongues (Raaymakers et al 1998) .
In this numerical study, finite difference time domain (FDTD) calculations of SAR distributions for a dipole antenna, representing a mobile phone, are followed by DIVA thermal model calculations, either using the discrete vasculature or the classical Pennes bioheatsink equation. The induced change in temperature in the head is calculated for two different realistic head models that vary in the thickness of the skin. Skin temperature rise was verified experimentally.
Methods
The whole process of simulating the temperature distribution is indicated in figure 1 . The first step was the construction of a realistic anatomy. 3D magnetic resonance angiography scans (Philips Gyroscan, resolution better than 1 mm cubic) were made from one side of the head of an adult female volunteer. For the tissue properties needed in the power and thermal calculations we employed a look-up table relating local tissue type (e.g. bone, muscle) to required property (ESHO Taskgroup Committee 1992) (table 1). The three-dimensional anatomy describing the spatial distribution of the tissue types was constructed from a T 1 weighted MR image acquired concurrently with the MRA images. The tissue segmentation was carried out using thresholding and binary erosion and dilation functions, with ample manual intervention. The result is pictured in figure 2 . The discrete vasculature for use in the thermal calculations was interactively built, tracing the visible vessels in the 3D MRA images. Smaller vessels were added in order to obtain a better description of heat transfer in the anatomy (see figures 3 and 4). In our calculations two representations for the anatomy were used: one using voxels of (2 mm) 3 describing a whole head, obtained by means of mirroring the half head in the midplane; and a high-resolution (1 mm) 3 anatomical description only describing the first 4 cm of the head as measured from the antenna. Only in high-resolution thermal calculations the impact of blood flow was modelled using the discrete vasculature. The (2 mm) 3 whole head anatomy was necessary for the calculation of the electromagnetic power density and for the calculation of the fixed boundary temperature used in the high-resolution temperature calculation. To investigate the influence of skin thickness another head was from the segmented head built with a thicker skin. This was done by adding 4 mm of skin and replacing the original skin layer by fat. For this head a new detailed vasculature was constructed from the same basic vasculature traced in the MRA image. The electromagnetic power density distribution in the head was calculated for a halfwavelength dipole antenna using the FDTD method (Yee 1966). The antenna was positioned 2 cm from the head, oriented vertically and operating at 915 MHz. The boundary was modelled using retarded time absorbing boundary conditions (Toftgård et al 1993, Berntsen and Hornsleth 1994) .
Thermal simulations with the DIVA model were performed for the following situations: (a) the head with a normal skin layer; (b) the head with a thick skin layer; (c) the head with a normal skin layer, no thermal conduction, heatsink only.
In the simulations, metabolic heat production in the head is not modelled. The large supply of blood, entering the head at body core temperature, prevents the head from assuming the temperature of the air. Even without absorption of power emitted by the mobile phone antenna, the temperature distribution in the head is not uniform. Heat loss to the surrounding air, which in our calculations is at a temperature 15
• C below the body core temperature (so approximately 22
• C), results at the surface of the skin in temperatures significantly below the body core temperature. To be able to see not only the resulting temperatures, but also the small temperature rise caused by the mobile phone, firstly temperature distributions were calculated with the antenna switched off. From this and the stationary temperature distribution calculated with power absorption, the temperature rise everywhere in the region of interest could be determined.
A crude test of the validity of the simulation results was performed using a 915 MHz tuned dipole antenna, measuring the temperature rise at the skin. The antenna was placed in the modelled position, vertically oriented at a distance of 2 cm from the head of a volunteer. The skin temperature close to the transmitting antenna was measured. Temperature measurements were done using two small 0.5 mm diameter, seven-sensor, thermocouple probes. The plastic probes contained thin 40 mm constantan-manganin sensors, spaced 1 cm apart. The thermometry and data-acquisition system of the MECS (multi-electrode current source) interstitial hyperthermia system were used. This system is capable of measuring the temperature with a relative accuracy of 0.005
• C. The thermocouple string was positioned horizontally, perpendicular to the vertical E-field vector directly in front of the dipole. Sensor 2 (if the tip is sensor 1) was positioned directly in front of the dipole junction. This sensor and the two neighbouring sensors were used in the evaluation. To diminish the relative effect of thermal disturbances the antenna was operated at power levels above that of normal mobile phones, namely 1 and 2 W. The temperature of the skin at the contralateral site was measured for reference.
Results

Stationary solutions
Owing to the different electromagnetic properties of the tissues the EM power absorption is not a monotonically decreasing function of depth. Absorption is highest in the skin, low in the skull, but higher again in the brain, as presented in figure 5. The power density distribution was scaled to the average emitted power of 0.25 W. For typical commercial equipment the maximum antenna output is 2 W, with a duty cycle of 1/8 this results in a maximum average emitted power of likewise 0.25 W. The highest absorption for a single voxel was found to be 4.2 × 10 3 W m −3 , occurring in a muscle voxel. The single highest SAR value was 4.0 W kg −1 , found in the same muscle voxel. The average SAR in a cubic volume of 1 g was 1.53 W kg −1 maximum, in a cubic volume of 10 g it was 0.91 W kg −1 maximum. Maximum values for arbitrarily shaped volumes of 1 g and 10 g are considerably higher (see table 2). These arbitrarily shaped volumes are taken from the SAR volume histogram as being the top 1 g and 10 g of the values. Single voxels can always be connected to give a volume with infinitely thin cylinders. For the head with thicker skin the maxima in the subvolume-averaged power densities were roughly equal to the corresponding maxima for the normal head. The complete distributions of SAR values occurring in the modelled heads are given in figure 6 . It can be seen that significant absorption takes place in only a very small subvolume of the head. The high-resolution temperature simulations for the partial head were done with DIVA and the detailed vasculature, with boundary conditions determined by the (2 mm) 3 temperature distribution which was calculated using the Pennes equation to account for the blood flow. The power density distribution used in the high-resolution calculations was obtained after trilinear interpolation of the (2 mm) 3 result. Skin cooling was modelled by fixing the temperature of the air voxels and adjusting the thermal conductivity of air to the voxel size such that in effect a heat transfer coefficient between skin surface and air of 8 W K −1 m −2 was modelled (Gagge and Nishi 1977) . Calculated skin temperatures were between 32 and 34
• C in accordance with normal physiological values.
Temperatures do not rise markedly over 37
• C (table 3) (three-digit numbers were used to allow a comparison within the model environment). A better impression of the influence of the antenna on the temperatures is obtained by looking at the induced temperature rise. To find this, temperature distributions calculated with the antenna switched off were subtracted from the corresponding temperature distribution with the antenna switched on. The resulting temperature rise distributions are qualitatively different from the power distribution (cf. figures 5 and 7 that each depict the same two planes). Because of thermal conduction and the relatively low perfusion in bone tissue, the low EM absorption in the skull is not matched by a relatively low temperature rise. In general the temperature rise distribution is much smoother than the EM absorption distribution. In table 4 the maximum temperature rises are given. It can be seen that the overall largest temperature rise is found in the skin. The maximum temperature rise in the brain is typically about 0.12
• C. Comparing the normal head with the head with thicker skin, it is seen that the maximum temperature rise in the skin is significantly larger in the latter. The maximum temperature rise in the brain, however, is almost equal to that in the normal head.
Transient behaviour
In the low-resolution simulations the transient behaviour of the temperature after switching the antenna on was monitored. The maximum temperature rise in all of the head, in the skull and in the brain (grey matter, white matter and cerebral fluid) are pictured in figure 8. It can be seen that 90% of the stationary temperature rise is reached after about 1000 s. Fitting the maximum rise to an exponential function of the form
resulted in an equilibration time constant τ close to 400 s. The rate at which brain tissue approaches its maximum temperature is not much different from that in the skull or the skin. In a feasibility study on a layered sphere (Van Leeuwen et al 1997c) a similar rate of thermal relaxation was found. Compared to the normal head with skin cooling, the head with an extra fat approaches the limit values slightly more slowly.
Experimental verification
With the antenna operating at 1.0 W, measurements on the head of a volunteer with a receding hair line showed temperature rises of about 0.6 • C and 0.8 • C for sensors 2 and 3 of the antenna probe compared with 0.2
• C for the contralateral probe. There were too many fluctuations in the measurements to allow an analysis in terms of equilibration times. Measurements performed with the antenna operating at 2.0 W are shown in figure 9 . Over the course of the power-on period, the temperature of sensor 3 in the antenna probe rose by about 1.7
• C. In this period the temperature of the control probe at the contralateral side rose by 0.2
• C. A least-squares fit of the form
to the measured temperature profile resulted in T max,∞ = 2.0 • C (the expected stationary rise in temperature) and τ = 408 s. (The α(t − t 0 ) term describes the steady temperature rise of the control sensor.) The equilibration time constant τ agrees very well with the model value. Similar analysis for the other two sensors, however, resulted in significantly shorter equilibration time constants, which is an indication of the limited accuracy of these measurements. Based on the fluctuations of the temperature in the measured profiles we estimate that the error in the T max,∞ is about 0.4
• C. The stationary temperature rise deduced from the measurements (2.0
• C, radiated power 2 W) is higher than the numerical results (table 4) . If we scale the simulated maximum temperature rise according to the larger power output, we obtain 0.64
• C and 1.3
• C for 1.0 and 2.0 W respectively. These temperatures are somewhat below the extrapolated measured rises. Apart from the modelling-related errors (model accuracy, tissue parameter values), possible explanations for the deviation between prediction and measurement are the different orientation of the antenna with respect to the head, an inaccurate skin-air heat transfer coefficient and the different anatomies for the volunteers. Yet, the order of magnitude of the temperature rise is the same, and the measurements show that the simulations provide a reasonably accurate description of the situation.
Discussion
Until now, calculated EM power distributions for the extremities only have been related to a rise in temperature with the use of a 3D thermal model Gandhi 1988, Hoque and . For mobile phones an adequate evaluation of the change in temperature induced by the EM absorption has never been made. The main goal of this project was to demonstrate the feasibility of determining accurate and high-resolution temperature distributions with a state-of-the-art thermal model and a realistic power absorption distribution. Specifically, this will permit the evaluation of the temperature in situations where EM radiation might have a significant thermal effect.
The use of the Pennes bioheat description instead of a more refined discrete vasculature description seems to be in order for this anatomical site and aim. If the results for the different descriptions are compared, it can be seen that the differences in the maximum temperature rise are in many cases roughly equal. However, this suggests a somewhat better correspondence between the two types of simulations than is found upon a closer look. The substitution of discrete vessels by a heatsink not only eliminates local temperature inhomogeneities around the vessels, it also changes the heat transfer characteristics of the vascularized tissue. This is illustrated in figure 10 where induced temperature elevations calculated with discrete vessels and with the heatsink model are compared. Passing arteries accounted for much smaller temperature rises in the simulation with vessels discretely modelled. Although the differences may seem small, they are quite large compared to the scale of the temperature rises: on many locations the temperature rises predicted by the two models were different by more than a factor 1.5, this could go up to a factor 7 at vessel locations. In general, skin surface temperatures some distance away from the antenna were higher in the simulation with discrete vessels. Further simplification of heat transport through neglect of the conductive term with respect to perfusion leads to a lower prediction for the temperature rise in the brain (0.07
• C), but to much higher rises in the skin and the skull (table 3) (cf Anderson and Joyner 1995) .
The main aim of this study was to demonstrate a powerful method for accurate calculation of the temperatures caused by mobile phone EM absorption, not to do a fully fledged parameter study. Therefore we chose a typical healthy adult anatomy with typical tissue parameters. Skin thickness was varied to study the examine the influence of skin thickness, not as an attempt to find the worst-case skin anatomy. However, the power of the antenna was chosen to be equal to maximum power of typical phones. Worst-case conditions that might be addressed in further research are a child's head, diminished perfusion and disturbed skin cooling. Deliberately in this study the mere presence of the phone was chosen not to infer with skin cooling, as we wanted to calculate the effect of the EM absorption on the temperatures.
In experimental studies on mammals, heating of the brain did not result in damage if the temperature remained below 41
• C (Sminia et al 1994). Assuming there is no physiological reaction, temperature elevations induced by the antenna scale linearly with emitted power. Because of this linear dependence of the temperature elevation on emitted power level, the antenna power corresponding to a given temperature rise in the brain can straightforwardly be calculated from the calculated result for average emitted power of 0.25 W. For example, to have a temperature rise in the brain of 3.0
• C, the average emitted power of the antenna has to be (3.0/0.11) × 0.25 W ≈ 6.8 W, more than 50 W antenna power if the duty cycle is 1/8.
Conclusions
We have demonstrated the possibility of combining numerical EM and thermal modelling in order to calculate the temperature rise induced by a mobile phone. Hereby, a crucial gap in the knowledge about the health effects of these phones can be bridged.
We calculated a maximum rise in brain temperature of 0.11
• C for an antenna with average emitted power of 0.25 W, the maximum value in common mobile phones. The power distributions causing this were characterized by a maximum averaged SAR over an arbitrarily shaped 10 g volume of approximately 1.6 W kg −1 . Although these power distributions are not in compliance with proposed safety standards, absolute temperatures do not rise markedly over 37
• C and the temperature rises are far below what is considered dangerous. A systematic programme of power/temperature modelling should be instrumental in designing safety standards. 
